Minute virus of mice (MVM) and H-1 virus belong to the group of autonomous parvoviruses (single-stranded nuclearreplicating DNA viruses) that are endogenous to vertebrates including humans (16) . Autonomous parvoviruses are lytic viruses that replicate during the S phase of the cell cycle. The mouse parvovirus MVM and the rat virus H-1 were found to preferentially replicate in and kill oncogenic-transformed and tumor-derived cells of rodent and human origin (for a recent review, see reference 33). Furthermore, a number of reports have described that the infection of laboratory animals with several rodent parvoviruses was associated with the suppression of tumor formation or the rejection of tumor grafts (33) . As a consequence, certain of these parvoviruses, including MVM and H-1 virus, have been developed as antitumor vectors with the aim of strengthening the antineoplastic effect of the natural parvoviruses. In particular, antitumor vectors carrying a therapeutic transgene in place of the gene encoding the capsid genes were developed (4, 10, 17, 25, 34) . Several of these capsid replacement vectors displayed stronger antineoplastic effects than the corresponding wild-type or control recombinant viruses in various mouse and human tumor models (12, 14, 41) .
The above-mentioned capsid replacement vectors have thus retained the strong parvovirus early P4 promoter, the overlapping sequences encoding the small nonstructural (NS) viral regulatory protein NS2, and the large viral replication and regulatory protein NS1. The latter polypeptide enables the vector to replicate its genome and to trans-activate the second promoter (P38) that controls expression of the inserted transgene (10, 17, 25, 34) . For the cell-killing activity of autonomous parvoviruses, including human parvovirus B19, the viral gene product NS1 has been found to be essential (6, 18, 24, 29, 31) .
Besides the interest in them as antitumor tools, the use of vectors transducing a reporter gene would be of great help for studies aimed at understanding the susceptibility of cells or tissues to parvovirus infection. Yet despite the fact that the first autonomous parvovirus vectors were described about a decade ago (22, 34) , little is known about their infectivity and physical properties compared with the wild-type virus. Hence, it is not known whether the above-mentioned vectors have the same stability or efficiency to infect, replicate in, and express viral genes and kill the tumor cells as the parental wild-type virus. Analysis of the transgene itself, the destruction of the capsid gene, or the way virus is produced may uncover as-yet-unidentified functions of the viral genome or the capsid that are important for a particular step of the virus cycle. In addition, since contacts were reported between the genome and particular amino acids at the capsid interior (7), the transgene may have an impact on the capsid structure and thus on virus infectivity.
This study was undertaken with the aim to determine how far parvovirus capsid replacement vectors can substitute for wild-type virus. It was observed that MVMp-derived vectors that are routinely produced in transfected human cells were far less infectious than wild-type MVMp produced by infection in A9 mouse cells, cells that are conventionally used to titer MVMp. Our data show that not only recombinant viruses but also wild-type particles produced by transfection in human cells have a low infectivity in mouse A9 cells, an observation that could be traced back to a step of the parvovirus life cycle that takes place prior to viral DNA amplification and gene expression. Moreover, both H-1 virus and MVMp-derived vectors were found to be less toxic for the host cells than the corresponding parental wild-type viruses under conditions that allowed equal expression of transduced cytotoxic NS genes. This is the first report that shows that parvovirus infectivity is modulated as a function of the production method and the maintenance of capsid genes.
MATERIALS AND METHODS
Cells. 293T clone 17 (simian virus 40-transformed human HEK293 cells), HeLa (human cervical cancer cells), and Gl261 (mouse glioma cells) cells were maintained in Dulbecco's modified Eagle's medium (Life Technologies, GIBCO-BRL, Paisley, United Kingdom) supplemented with 10% fetal calf serum, 2 mM L-glutamine, and antibiotics. The A9 strain of mouse L cells and NB324K cells (simian virus 40-transformed newborn human kidney fibroblast cells) were grown in Eagle's minimal essential medium (GIBCO-BRL) with 5% fetal calf serum, glutamine, and antibiotics.
Virus infection and production. All virus infections were performed for 1 h at 37°C with a small virus inoculum and occasional rocking of the plates. Unless mentioned otherwise, wild-type MVMp virus was derived from virus-infected (multiplicity of infection [MOI] of 0.003 PFU per cell) A9 fibroblasts (9) . Wildtype MVMp was also produced by transfection of 293T cells with the molecular clone pdBMVp (17) . Recombinant MVMp-derived viruses were routinely produced in 293T cells by cotransfection of recombinant viral DNA clones and a capsid protein-providing helper plasmid (pCMV-VP) by means of a Ca-phosphate precipitation technique (17, 42) . Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany) was used as a transfection agent in two experiments. In one single experiment, two vectors were produced by transfection of NB34K cells. The various wild-type and vector stocks were numbered (see Table 1 and all figures).
The construction of the vector DNA clone pMVMp/MDC transducing the human macrophage-derived cytokine was performed as follows. A 288-bp DNA fragment containing the whole coding sequence of human macrophage-derived chemokine (MDC) was amplified by PCR using primers containing BamHI and SmaI linkers. The PCR product was cloned into pMVMp⌬800 vector DNA (17) digested with BamHI and SmaI restriction enzymes, generating the vector clone pMVMp/MDC. The recombinant virus MVMp/IL-2 carrying human interleukin 2 (IL-2) cDNA was produced from the DNA clone pMVMp/IL-2. The latter plasmid was constructed by inserting the 516-bp-long human IL-2 cDNA (14) into the multiple cloning site of pMVMp⌬800 (17) . Similarly, the coding sequence of the enhanced green fluorescent protein (EGFP) was inserted into the empty vector clone pMVMp⌬800, generating pMVMp/EGFP. The construction of the vectors transducing the cDNAs of the human chemokines macrophageinducible protein 1␣ (MIP1␣) and its truncated derivative LD78␤ will be reported elsewhere. The wild-type H-1 virus and its recombinant derivative transducing human IL-2 cDNA were prepared as previously described (14) . The genomes of all viral vectors described are, with the exception of the empty vector MVMp⌬800, close to the size of the corresponding wild-type genome. The viral genome of pMVMp/EGFP has the same size as the wild-type virus, whereas pMVMp/IL-2 is 6% and pMVMp/MDC, ChiMVMp/MIP1␣, and Chi-MVMp/ LD78␤ are 10% smaller than the wild-type genome. The size of MVMp⌬800 is 84% of that of the wild-type.
3 H-labeled wild-type and IL-2-transducing viruses were produced as described previously by adding [ 3 H]thymidine to the medium during the virus production at intervals (8) . Unless indicated, stocks of wild-type and vector viruses devoid of empty capsids were obtained by purification over iodixanol gradients (44) . The contamination of the vector stocks with replicationcompetent virus was determined by plaque assays (see below) and ranged from 0.01 to 0.1%.
Virus titrations. Infectious titers of recombinant and wild-type viruses were determined from infected cell hybridization assays performed on A9 and NB324K indicator cells for MVMp-based and H-1 parvovirus-based viruses, respectively, and expressed as replication units (RU) per milliliter (17) . An NS-specific DNA probe consisting of the 1,638-bp NcoI fragment of the plasmid pMVMp⌬800 was used for this purpose. Genome titers of the various virus stocks were determined by quantitative dot blot hybridization assays (13) , and the total number of full particles per milliliter of virus suspension was determined. In short, virus suspensions were digested with 25 U of DNase I (Promega, Mannheim, Germany)/ml for 1 h followed by a 2-h incubation with 250 g of proteinase K (Roche, Mannheim, Germany)/ml at 37°C, and genomic DNA was isolated by phenol-chloroform-isoamylalcohol (25:24:1) extraction. DNA was transferred onto a nylon membrane (GeneScreenPlus; PE Applied Biosystems, Langen, Germany) in fivefold dilutions and hybridized against a radioactive NS-specific probe (see above). Twofold dilutions of a vector plasmid preparation were used as a standard. The contamination of the various vector stocks with replication-competent virus was determined by plaque assays on A9 indicator cells (42) . Virus infectivity was expressed by the particle-to-infectivity (P/I) ratio, the quotient of genome and infectious titers.
Analysis of packaged viral DNA. To determine the size of packaged viral genomes, virus samples were first treated with DNase I and then digested with proteinase K and processed by viral DNA extraction as described for dot blot analysis (see above). The DNA samples were electrophoresed through 0.8% agarose gels, blotted onto nitrocellulose membranes, and hybridized against a radioactive NS probe.
Virus uptake and internalization. Cell-associated virus was determined immediately after the 1-h infection period with 3 H-labeled virus by measuring the percentage of cell-bound input radioactivity (8) .
Susceptibility of cell-bound viral DNA to extraction. To determine the susceptibility of internalized virus to DNA extraction, A9 cells were infected with wild-type or vector virus at 10 5 genome equivalents per cell. Cells were further a Compilation of genome and infectious titers from eight independently produced MVMp wild-type and eight recombinant virus stocks is shown. The genome titer is expressed as the number of full particles per milliliter of virus suspension. The infectious titer is given as replication units per milliliter of virus stock. The particle infectivity is defined as the P/I ratio, the quotient of genome and infectious titers. The average P/I ratios of the wild-type MVMp and vector stocks are given with their standard deviations (around 60%). From the averaged P/I values, vector particles are 48-fold less infectious than the wild-type particles. This difference is highly significant (P Ͻ 0.001; Student's t test).
b The total P/I ratio for recombinant virus stocks was determined to be 32,168 Ϯ 18,715.
290 LANG ET AL. J. VIROL. incubated for 2 h and then lysed in 0.6% sodium dodecyl sulfate-10 mM TrisHCl (pH 7.4)-10 mM EDTA. DNA was extracted by a modified Hirt procedure consisting of proteinase K digestion and selective extraction of low-molecularweight DNA (10) . DNA was electrophoresed through agarose gels, blotted onto nitrocellulose membranes, and hybridized against an NS probe as described above. Viral genome amplification. Overall viral DNA amplification was determined 30 h postinfection (p.i.) by dispersed cell assays (DCA). In short, 2 ϫ 10 5 infected cells from a 6-cm-diameter dish were transferred onto a nitrocellulose filter (pore size, 45 m; Schleicher & Schüell, Dassel, Germany) and subsequently hybridized against a radioactive NS probe, as described above for virus titration. The radioactivity bound to the filters was measured with a liquid scintillation counter.
DNA amplification was also monitored in A9 cells by Southern blot analysis after extraction of low-molecular-weight DNA by the modified Hirt procedure as described above.
Cytotoxicity assays. The cytotoxic effect of parvovirus infection was assessed by colony formation assays (9) as well as Alamar Blue and lactate dehydrogenase (LDH) tests. For the latter two assays, cultures were inoculated with virus at various MOIs, and the survival of the cells was determined 3 days later. Alamar Blue reagent (BioSource Europe, Nivelles, Belgium) is an oxidation-reduction indicator that fluoresces red when it accepts electrons generated through cellular metabolism. Cells grown in 96-well plates (100 l of medium per well) were stained with 10 l of dye per well. After a 3-h incubation at 37°C, color changes were determined through a double-wavelength (540 and 620 nm) measurement. For LDH tests, a CytoTox96 kit (Promega) was used according to the instructions of the manufacturer. Cell survival was expressed as a percentage of the values measured for noninfected cultures.
Contamination of the vector stocks with replication-competent viruses (14, 42) was too low to have an impact on the cytotoxicity of the vector stocks. Expression of human IL-2 or MDC cytokines did not affect the growth or the survival of the infected cell cultures (data not shown).
Immunoblotting. Cells inoculated with wild-type (MVMp) or recombinant (MVMp/IL-2 and MVMp/MDC) viruses at an MOI of 3 RU/cell were harvested 48 h p.i. After cell lysis, samples were electrophoresed through sodium dodecyl sulfate-10% polyacrylamide gels and electrotransferred to nitrocellulose membranes. The blots were probed with the NS1-specific rabbit antiserum SP7 (dilution, 1:5,000) (5) and processed according to the Amersham (Freiburg, Germany) enhanced chemiluminescence protocol.
Immunofluorescence. A9 cells were infected with wild-type or recombinant MVMp virus (10 3 genome equivalents per cell) and transferred at 6 h p.i. onto multispot slides. After a 48-h incubation period, cells were fixed in paraformaldehyde and treated with 0.2% Triton X-100 for 5 min. NS1 present in infected cells was detected by using the mouse monoclonal antibody 3D9 at a 1:40 dilution (3) and visualized with a 1:200 dilution of Cy3-conjugated anti-mouse immunoglobulin G. Stained cells were covered with mounting medium (Vectashield) and examined with a Leica fluorescence microscope.
RESULTS
Viruses produced through transfections are less infectious than those recovered from infected cells. The parallel infection of A9 fibroblasts with wild-type MVMp and vector particles at an equal particle-to-cell ratio showed that almost no vectorinfected cells were positive for NS1 (Fig. 1, left panel) , whereas a majority of wild-type-infected cells expressed detectable amounts of the viral product (right panel). This observation indicated that vector particles were less infectious for A9 cells than wild-type particles. It is noteworthy that in our laboratory, recombinant viruses are routinely produced through cotransfections of 293T cells because this cell line yielded the highest vector titers among a series of cells assessed for their production capacity (data not shown). In contrast, wild-type MVMp stocks are conventionally prepared through infection of A9 cells (9, 19, 36) .
In order to confirm these variant virus stock infectivities, the genome titers of eight independently produced wild-type viruses and eight vector batches were determined by dot blot hybridization, and their infectivity was measured by using an infected cell hybridization assay, a technique which is based on the ability of these viruses to amplify their genome in standard indicator A9 cells. The results of these titrations are compiled in Table 1 . Virus infectivity was expressed as the ratio of DNA-containing particles to infectious (i.e., DNA replicationcompetent) virus (P/I). A high P/I ratio thus corresponds to low particle infectivity. Of note, the capsid replacement recom- Table 1 , vector 2) virus particles (10 3 genome equivalents per cell) and analyzed 48 h later for expression of NS1 proteins as detected by fluorescence microscopy. From the number of NS1-positive cells from several pictures, the vector particle infectivity was calculated to be 22-fold less than that of the wild-type virus. This corresponds to the difference in particle infectivity of the stocks used for infection.
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binant vectors used in this study could all be produced in relatively high titers, in keeping with the fact that overall genome size was close to that of the wild-type virus (4, 17) . In some experiments, the empty vector MVMp⌬800 virus was also included, although its titer was consistently found to be lower than that of the vectors listed in Table 1 . The genome titers of recombinant and wild-type MVMp virus preparations were about 3.2 ϫ 10 4 and 6.7 ϫ 10 2 times higher than the infectious titers, respectively. Thus, around 50 times more vector particles than wild-type particles were needed to achieve the same virus DNA replication in A9 cells. The P/I ratio that was obtained for wild-type MVMp produced through A9 cell infection (674) was close to the values previously published for this virus (19, 20, 36) .
These observations raised the question of whether the variations observed in viral infectivity could be traced back to differences in either the production procedure or the virus type. To this end, the wild-type virus was produced in the same way as the vectors, i.e., through transfection of 293T cells with an infectious DNA clone ( Table 2 ). The data from Table 2 show virus-vector productions that were performed in parallel and arrested 30 h posttransfection in order to avoid secondary rounds of wild-type virus infection. Not unimportant for our understanding of the packaging process, the results clearly show that wild-type and vector stocks that are produced in parallel by transfection contain a similar proportion of full virus particles. Hence, the packaging of viral genomes is unlikely to constitute a rate-limiting step in the production of functional recombinant viruses compared to wild-type MVMp viruses. Interestingly, the specific infectivities of recombinant and wild-type viruses produced through transfection of 293T cells were both considerably reduced in comparison with that of wild-type virus produced through infection of A9 fibroblasts (compare Tables 1 and 2 ). Although the P/I ratios of the wild-type virus preparations were lower than those of the vector stocks (Table 2) , this difference was not statistically significant.
The low infectivity of transfection-yielded virus is not a unique feature of 293T producer cells or of the IL-2-transducing vector that was used in most experiments. Indeed, two different vectors produced through transfection of another human producer cell line (NB324K) were found to be 30-fold less infectious than wild-type MVMp recovered from infected A9 cells (Table 3 ). Moreover, high P/I ratios of vector particles were also observed after transfection of 293T or NB324K cells by using either Lipofectamine or Ca-phosphate precipitation (Table 3) . Altogether, these data indicate that the vector and wild-type virion infectivities depend mainly on the way producer cells are supplied with the original infectious material (DNA uptake or virus infection) and only to a low extent on the nature of producer cells and viruses. In support of this conclusion, NB324K or 293T cell infection with wild-type MVMp yielded progeny viruses whose infection capability was high and corresponded to that of virions recovered from A9-infected cells (data not shown).
From the data presented in Tables 1 and 2 , one may expect that by infecting producer cells with less-infectious wild-type virus particles, progeny virus with a high infectivity for A9 cells will be produced. This was indeed the case, as the further infection of A9 cells with plasmid-derived MVMp generated virus particles that were highly infectious ( Table 4) .
The packaging of a greater proportion of incomplete viral genomes may account for the lower infectivity of transfectionproduced virus stocks compared to infection-produced virus stocks. This possibility was not supported, however, by the analysis of the viral DNA extracted from transfection-derived vectors and infection-derived wild-type viruses. As illustrated in Fig. 2A , the genomes of the various virions had the length expected from their respective DNA substitutions. The wildtype particles carry the largest genome, followed by MVMp/ IL-2, MVMp/MDC, and empty vector MVMp⌬800. Samples of the various virus stocks were also treated with DNase prior to viral DNA extraction in order to determine whether they differed in the accessibility of packaged genomes to the nuclease. As shown in Fig. 2B , the DNase treatment did not lead to a preferential degradation of vector DNA, indicating that the a Experimental conditions were as described for Table 2 except that the virus preparations were purified over iodixanol gradients. CaPO 4 , Ca-phosphate.
viral particles assembled in infected cells provided their genome with a similar protection against nuclease digestion compared to those assembled in transfected cells. Furthermore, aliquots of wild-type and vector virus stocks were compared for their sensitivity to heat. No differential susceptibility to this treatment (up to 70°C) was observed, as infectious titers were similarly reduced (data not shown). Likewise, the hemagglutination capacity of particles from three wild-type virus preparations did not significantly differ from that of three vector stocks (data not shown).
Viral gene amplification and gene expression. Experiments were carried out to pinpoint the step of the viral life cycle that determined the lower infectivity of viruses produced through transfection compared to that produced through infection. In a first step, wild-type MVMp from transfected 293T cells and from infected A9 or 293T cells showing more than a 50-fold difference in infectious titers were inoculated to NB324K cells at an equivalent infectious MOI (i.e., DNA replication competent) of 10 RU per cell. Overall viral genome amplification was determined 30 h p.i. by DCA. As apparent from Fig. 3A , similar levels of viral DNA amplification were achieved by these three virus stocks under these conditions, suggesting that the intrinsically lower infectivity of viruses obtained through transfection resulted from the impairment of an early step(s) of the viral life cycle, limiting the onset of viral DNA replication but not the amplification of replicative intermediates. Permissive cells (A9 and NB324K) were infected as described above with wild-type or recombinant MVMp at the same multiplicity of infectious particles, i.e., under conditions erasing the influence of the protocol used to produce viruses. Overall viral genome amplification was again determined 30 h p.i. by DCA. At all MOIs tested, hybridization signals were much higher for the wild-type virus than for the vector virus (Fig.  3B) . Similar results were obtained with wild-type H-1 virus and derived vectors in NB324K cells and in several permissive cell lines that are currently used in our laboratory (data not shown). Genome amplification was also determined at 55 h p.i.
The extension of the time between virus infection and analysis did not improve the capacity of recombinant genomes to be amplified in A9 cells (data not shown).
A possible reason for the lower production of viral DNA in vector-infected cells may be traced back to the failure of recombinant particles to produce capsid proteins. Indeed, the capsid or its immediate precursors drive the packaging-coupled strand displacement reaction that releases the progeny genome and regenerates a double-stranded intermediate which serves as a substrate for further DNA amplification (30, 32, 40) . This defect was verified by Southern blotting analysis allowing viral single-stranded DNA and duplex intermediates to be detected separately. As shown in Fig. 3C , this analysis substantiated the overall greater replication capacity of wildtype virus compared to vector virus as observed in DCAs. While monomer and dimer replicative intermediates were produced by either type of virus, the main qualitative difference between wild-type and vector virus infection was at the level of the single-stranded DNA that was present in the former but undetectable in the latter. When inoculated at equivalent infectious doses, wild-type MVMp and two derived recombinants achieved similar levels of NS1 protein expression in either A9 or NB324K cells (Fig. 4) . This result was consistent with the similar capacity of both types of viruses for accumulating monomer-and dimer-length replicative forms in these cells.
Vectors have a lower toxicity than corresponding wild-type viruses at similar infectious doses. Autonomous parvoviruses are lytic viruses. The capacity of wild-type and recombinant viruses to kill in vitro-transformed cells and tumor cells was determined by using several methods. Alamar Blue staining confirmed the high susceptibility of A9 cells to killing by wildtype MVMp. Surprisingly, the vector was much less cytotoxic a Wild-type virus was produced by the parallel infection of A9 cells either with a wild-type virus inoculum derived from a highly infectious infection-derived virus preparation or from a plasmid-derived virus stock. Virus was harvested 5 days postinfection, and stocks were concentrated over iodixanol gradients. Average P/I ratios of stocks produced from infection-and transfection-derived virus are 5.2 ϫ 10 2 and 9.8 ϫ 10 2 , respectively. b This stock is identical to the preparation described for experiment 4 of Table  2. FIG. 2. Size and DNase resistance of packaged viral genomes. DNA was extracted from 10 10 full particles (A) or from 10-l aliquots of virus stocks (B), electrophoresed through agarose gels, blotted onto filters, and hybridized to a specific probe. In panel B, viral particles were treated (ϩ) or not (Ϫ) with DNase I (0.025 U/l) prior to viral DNA extraction. wt 1 to wt5, independent stocks of wild-type MVMp; rec 1, MVMp/IL-2; rec 4, MVMp/MDC (Table 1) ; ⌬1 and ⌬2, two independent stocks of the empty vector MVMp⌬800. The differences in densities (B) correspond to the 12-fold-higher genome titers of the virus stocks. Migration of the genomes correspond to their respective sizes; rec 1, rec 4, and both ⌬1 and ⌬2 are 94, 90, and 84% of the size of the wild-type genome, respectively.
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than the wild-type virus, even when used at a 10-fold-higher multiplicity of infectious particles (Fig. 5A) . Owing to the relatively high MOIs used, the greater killing effect of the wildtype virus in A9 cells was unlikely to result from its ability to generate progeny particles that could reinfect cells which escaped the primary infection. As expected from the results discussed above, wild-type particles derived from transfected 293T cells were as toxic as infection-derived virus when assessed at the same infectious multiplicity (data not shown). In order to confirm the differential cytotoxicity of wild-type and recombinant viruses by using another endpoint, the release of LDH from infected cells was determined. The latter assay substantiated the results obtained with the Alamar Blue test (Fig. 5B) .
To confirm this important observation, the ability of cells to form visible colonies after their infection with MVMp or H-1 virus or their respective vector derivatives was determined by colony formation assays. In this assay too, the vector viruses proved to be less toxic for the host cells than the corresponding wild-type viruses (Fig. 5C ). Parallel to the clonogenicity assays, larger numbers (10 5 ) of infected cells were seeded per 5-cmdiameter dish and inspected daily by light microscopy. The latter analysis showed that the virus-infected cells died, indicating that the results from this and the other viability tests were due to cytotoxicity and not to cytostatic effects of the viruses. Among the tested cells (Fig. 5C) , HeLa cervical carcinoma and Gl261 mouse glioma cells do not produce detectable amounts of infectious H-1 and MVMp progeny viruses, respectively (our unpublished data). This result rules out the possibility that the greater sensitivity of these cells to wild-type viruses compared to vector viruses results from the ability of the wild-type virus to spread and induce secondary infections. Clearly, HeLa and Gl261 cells are both highly susceptible to the killing effect of wild-type viruses but far less susceptible to the killing effect of the recombinant viruses tested at the same infectious titer.
Similar virus entry but varying susceptibility of intracellular viruses to mild viral DNA extraction. The above-mentioned results indicate that the number of virions to be inoculated to achieve a given level of viral DNA replication and expression was much higher for particles recovered from transfected cells than that for particles recovered with infected cells. Hence, virions produced in transfected cells may undergo a block to successful infection early in the virus cycle, prior to or at the onset of viral DNA amplification and expression. In order to identify this block, cell-associated radioactivity from [ 3 H]thymidine-labeled wild-type and IL-2-transducing virions was determined under the standard infection conditions (8) . It was found that around 20% of input radioactivity from both wild-type and vector particles were cell associated immediately p.i. (data not shown), a value that was similar to previous determinations (8) . Furthermore, almost all of the cell-bound radioactivity was by that time (1 h after the start of the infection) resistant to elution by 1 mM EDTA (19, 20) . Thus, these results strongly suggest that the reduction of the infectivity of transfection-derived viruses can be assigned to a large extent to a step between internalization and genome amplification. This led us to assess whether the uncoating of vector particles during the infection process was less efficient than that of wild-type viruses. To this end, the Hirt extraction method, which is inefficient in releasing genomic DNA from full particles, was utilized. Virus DNA was extracted 2 h p.i., run through agarose gels, and analyzed by Southern blotting. Yet when cells were infected at the same particle-to-cell ratio, different amounts of viral DNA were recovered. In fact, a large difference between both types of viruses was detected when the intracellular free viral DNA contents were measured. Indeed, on average, 20 times more viral DNA was recovered from cells infected with wild-type virus than that recovered with vector virus (Fig. 6A) . The comparison was also made after infection with equivalent numbers of infectious particles. For the viruses used in this experiment, 67 times more vector particles than wild-type particles were needed to achieve the same number of replication centers in A9 cells. The free DNA signal given by vectorinfected cells was also much more predominant and yet was only sixfold higher than the one detected with wild-type virusinfected cells (Fig. 6B) . Altogether, these results strongly argue for a preferential release of wild-type DNA compared to vector DNA from incoming infection-generated (as opposed to transfection-generated) particles during the extraction procedure. These observations lead us to speculate that the varying sensitivity of viral DNA to the Hirt extraction could reflect a differential intracellular particle susceptibility to destabilizing enzymes, suggesting that vector particles are more rigid than wild-type virions.
DISCUSSION
Approximately 1 out of 7 ϫ 10 2 wild-type MVMp particles was able to successfully infect A9 cells, resulting in viral DNA amplification and gene expression. This particle-to-infectivity ratio is close to values previously reported for MVMp (19, 20, 36) and the related H-1 virus (26; our unpublished data). In contrast, vector and wild-type MVMp produced by transfection of human cells were found to have a much lower infectivity towards mouse A9 fibroblasts (P/I ratio of about 3 ϫ 10 4 ) in comparison with wild-type virus conventionally produced by infection of these and other permissive cells. This differential infectivity of virus particles produced by two distinct methods applied to several target cells besides the A9 line, suggesting that a common intracellular mediator(s) expressed by various cells can discriminate between the two types of virions. Hence, the way in which the parental viral genetic material serving as substrate for infectious virus production is introduced into host cells (naked DNA transfection versus full virus infection) appears to influence progeny virus infectivity. Accordingly, the transfection-generated parvovirus vector stocks used in previous preclinical studies contained far more particles per infectious unit than the wild-type virus stocks obtained through infection (12, 14, 41) . The higher particle-to-infectivity ratio of the vectors may become a problem at highly infectious MOIs due to the saturation of all surface receptors for virus binding. This is the reason why all experiments in the present work were performed with infectious MOIs of 20 RU/cell at the maximum. The obstacle to the successful infection of highly susceptible cells with transfection-generated MVMp vectors was found to occur early during the viral life cycle. This early block must be assigned to an inefficient intracellular processing of the vector particles at a stage of infection prior to the onset of viral DNA amplification and gene expression, possibly during the transport of incoming particles to the nucleus and/or their uncoating. As the genomes contained in vector and wild-type particles had the expected sizes and were similarly resistant to DNase treatment, the presence of defective particles or the instability of incoming virions are unlikely to be responsible for the lower infectivity of the vectors. Furthermore, no major structural alterations could be detected that would lead to an enhanced heat inactivation or altered hemagglutination capacity of purified vector compared to that of wild-type viruses. Altogether, the present data suggest that intracellular factors required for input virus transport or early modification (e.g., uncoating or other preamplification events) may sense subtle abnormalities in the transfection-generated vector particles, preventing these particles from being processed as efficiently as the wild-type viruses produced through infection. This limitation to the onset of vector DNA amplification appears to be stochastic, as it can be circumvented by increasing the number of inoculated virions. Consequently, vectors can achieve numbers of DNA replication centers and levels of gene expression similar to those of wild-type viruses, provided that higher-input particle multiplicities are used for the vectors. Interestingly, AAV-2-derived vectors may undergo a limitation to the infection of mouse NIH3T3 fibroblasts similar to that of the MVMp vectors, since the lack of AAV-2-transduced gene expression in these cells was ascribed to impaired intracellular trafficking (15) .
The virions' alteration(s) responsible for the lower infectivity of transfection-derived virus particles is at present a matter of speculation. The capsids of viruses produced in transfected cells may be differentially modified compared with those formed in infected cells. This difference may lie in the phosphorylation of VP proteins (27, 35) , which was recently shown to accompany the egress of progeny particles (21) . Furthermore, certain posttranslational modifications of VP2 proteins were shown to correlate with morphological changes in the capsids (35) . This lead to the postulation that some VP modifications might also affect early steps of the virus life cycle, such as virus entry, interaction with intracellular receptors, transport to the nucleus, VP2 cleavage, and VP1 externalization (21) . Transfection procedures are known to affect cell physiology in several respects and may thus have an indirect impact on the phosphorylation of capsids. An alternative attractive hypothesis is that the natural infection process induces an intracellular physiological milieu that is required for highly infectious viruses to be formed and which cannot be brought about by the mere introduction of naked viral DNA.
The early stage(s) of infection at which transfection-derived MVMp or H-1 parvoviruses get blocked remain(s) to be defined. Several postentry barriers to parvovirus infection were identified and contribute to the host range of these agents in cell cultures, tissues, and animal species (38, 39, 43) . The bestcharacterized restriction is the one responsible for the differential host range of the fibrotropic and lymphotropic strains of MVM, which are infectious for mouse fibroblastic and lymphocytic cultures, respectively (2, 11, 37) . The decision between a restrictive infection and a productive one was shown to be made after entry of the viral DNA into the nucleus and before viral DNA amplification (28) . Similarly, phospholipase A 2 -deficient parvovirus mutants are restricted at a step following virus internalization, endocytosis, and perinuclear accumulation but preceding viral replication (43) . Conformational modifications at the outer capsid surface are thought to be responsible for the restricted infectivity of the host range mutants (1) . The limitation to the onset of transfection-derived parvovirus replication reported here is very reminiscent of the phenotype of aforementioned mutants.
In previous studies, the low infectious titers of vector stocks were speculated to result from an impaired packaging of recombinant genomes compared to that of wild-type genomes (4, 17) . The present work argues, at least for the ⌬800 capsid replacement vectors used in this study, against this interpretation by providing strong evidence to assign these low titers to the poor infectivity of full particles produced through transfection. In agreement with our conclusion, the genomic titers of vectors and wild-type virus stocks were similar when both types of virions were generated through transfection ( Table 2 ). The similar infectivities of transfection-produced viruses are unlikely to be influenced by possible secondary rounds of infection of the wild-type virus, as this procedure was postulated to generate highly infectious particles. Indeed, the finding that similar amounts of wild-type and vector genome particles were generated during the 30-h incubation time argues against this possibility. The fact that secondary rounds of wild-type virus do not play a role may be due to the observation that transfection delays wild-type virus production by several hours compared to infection (our unpublished data). Furthermore, transfection of the 293T producer cells reached almost all cells, making secondary rounds of virus amplification very unlikely. However, recombinant H-1 viruses with increasing transgene sizes or with larger deletions in the capsid genes become gradually less infectious (17) . It would be interesting to analyze if the latter vectors have additional deficiencies that distinguish them from the vectors described in this paper, such as packaging problems. Other researchers have speculated about an effect of the nature of the transgene on the virus titer (4, 23) which may be due to altered contacts of the recombinant genomes with the capsid interior (7) . As the wild-type viruses produced by transfection achieved titers similar to those of vectors with different transgenes, no conclusion can be drawn regarding a possible impact of the transgene structure itself on the vector titer.
When the input multiplicities were matched for equivalent numbers of infectious virions, similar levels of replicative viral genome intermediates, the substrates for viral RNA expression, were produced from wild-type and vector viruses. Indeed, NS1 expression levels were similar at equivalent inputs of infectious virus particles. Surprisingly, under these conditions of equal MOIs, the cytotoxic effect of recombinant vectors was much reduced compared with that of wild-type viruses. The expression of NS1 from plasmid DNA was previously shown to correlate with a reduction of the number of transformed cells able to form visible colonies, leading one to assign a cytotoxic function to this viral product (6, 18, 24) . However, the lower cytotoxicity of vector virus compared to wild-type virus, as observed in the present study, did not correlate with a significant reduction of NS1 expression in cells treated with the former agents. Although mutations within the NS1 gene of vector constructs cannot be fully ruled out, the present results thus provide evidence to suggest that NS1 is not the sole viral effector of parvovirus cytotoxicity and that VP proteins, assembled capsids, or the viral DNA region for which the transgene was substituted play a role in these processes. While capsids are indeed required for the concomitant synthesis and displacement of progeny genomes (30, 32, 40) , the role of VP proteins or genes in cytotoxicity remains to be unraveled.
One of the main objectives of those who intend to bring recombinant parvoviruses to the clinic is to obtain higher infectious vector titers. The data presented in this paper show that besides the yields of vector production, the intrinsic infectivity of full particles constitutes a parameter that needs to be considered for further optimization. The particle-to-infectivity ratio appears to depend not only on the vector's structure but also to a large extent on the conditions used to produce the recombinant viruses. In particular, natural infection can be distinguished from experimental transfection by the much higher infectivity of the progeny viruses produced. This argues for the need to engineer suitable packaging cell lines that allow recombinant parvovirus stocks to be amplified through successive rounds of infection.
